Copper is an essential trace element in living organisms, but its excess interferes with metabolic transformations in plant, animal and human cells. The uptake of copper from contaminated soils can be regulated, for example, by soil liming or application of other substances which enhance soil adsorption capacity and Cu binding in the substrate. The purpose of this study has been to assess the response of maize to soil contamination with copper depending on the applied neutralizing substances. The tested factors were increasing concentrations of Cu in soil: 0, 200, 400 and 600 mg Cu kg 1 dm, and soil application of mineral (lime, loam and zeolite) and organic (manure, peat and bark) neutralizing substances.
INTRODUCTION
Progress in our civilization is invariably associated with environmental pollution. The contamination of the natural environment is mainly caused by emission of metal-bearing dusts, which are eventually deposited on the surface of earth. Other sources of trace metals are industrial waste, municipal sewage and wastewater, fertilizers and plant protection chemicals (BOWSZYS et. al 2009 , WO£OSZYK et al. 2009 ). In Poland, soil contamination with heavy metals is detectable locally, mainly in industrialized areas, although in some locations near sources of emission, soils can be heavily polluted (ROSADA 2007 , DOPIERA£A 2009 , SZULC, KOBIERSKI 2010 . The content of Cu in Polish soils ranges from 0.2 to 725.0 mg Cu kg 1 d.m. and the average is 6.50 mg Cu kg 1 . Near metal smelting plants, e.g. the G³ogów Copper Smelter (Poland), the concentration of Cu is 1440 mg Cu kg 1 on average (KARCZEWSKA et al. 2012) , and contamination rates detected near metal smelters in other parts of the world range from 510-9700 mg Cu kg 1 Sudbury (Canada), 1400--3700 mg Cu kg 1 Coniston (Canada) (CCME 1997), 11 600-14 200 mg Cu kg 1 Lubumbashi (DR-Congo) (NARENDRULA et al. 2012) . Soil contamination with copper can also result from inadequate and repetitive application of plant protection chemical preparations. Copper-based fungicides used in viniculture until the end of the 19 th century (the Bordeaux mixture CuSO 4 + Ca(OH) 2 ) as well as the ongoing application of copper compounds such as Cu(OH) 2 CuCl 2 , CuSO 4 3Cu(OH) 2 , Cu 2 O, Cu(OH) 2 have led to serious accumulation of Cu in soil of grapevine plantations in France, Brazil, Croatia and Spain. In these countries, average concentrations of Cu in the 0-20 cm soil layer are 332, 665, 700 and 560 mg Cu kg 1 respectively (KOMAREK et al. 2010) . Copper-based fungicides are also applied for protection of other crops (SCHRAMEL et al. 2000 , LI et al. 2005 , KOMAREK et al. 2009 ). Trace elements are not biodegradable (ANTONIADIS et al. 2007 ) and in soil can be dissolved, chelated, adsorbed by humus, bound by soil minerals, uptaken by plants or titrated with other compounds. Persistence of copper bonds depends on the soil pH, quantity and type of other mineral components, redox potential, soil adsorption capacity and content of organic matter (DUBE et al. 2001 , USEPA 2002 . One possible method which alleviates the harmful effect of heavy metals consists in soil amendment with neutralizing substances (NWACHUKWU, PULFORD 2008 ) that bind copper into insoluble metal and mineral or metal and organic forms, which under favourable conditions may remain in soil for a long time as harmless compounds (ZOLNOWSKI et al. 2009 ). Such soil amending substances include zeolites, loam, lime, ground tree bark, manure and peat (NWACHUKWU, PULFORD 2008 , KOMAREK et al. 2009 , NAJMOWICZ et al. 2010 . Methods for immobilization of metals in soil remain the only available and economically viable way to rehabilitate contaminated soils, which enable restoration of biological life and plant cover on degraded land (KARCZEWSKA, KABA£A 2010) . High concentrations of heavy metals in soil may lead to their plant concentrations higher than normal, which in turn can cause their increased transfer to subsequent links in the trophic chain, where they can accumulate and produce lasting harmful effects.
The aim of this study has been to assess the response of maize to soil contamination with copper and to determine the effectiveness of copper immobilization in soil by using mineral (lime, loam and zeolite) and organic (manure, peat and tree bark) neutralizing soil amendments.
MATERIAL AND METHODS
A pot experiment was set up in 2011, in a greenhouse at the University of Warmia and Mazury in Olsztyn. The experiment was designed according to the method of randomly selected blocks with four replicates. There were two groups of factors: 1) incremental contamination of soil with copper: 0, 200, 400 and 600 mg Cu kg 1 of soil, which was simulated by adding to soil aqueous solution of copper (II) The experiment was set up in Kick-Brauckmann pots, by filling each pot with 8 kg of soil passed through a AE 1 cm mesh sieve. During the vegetative growth of plants, the soil moisture was maintained at the level of 60% full water capacity. Maize (Zea mays L.) cv. San (Hodowla Rolin Smolice Sp. z o.o.) was grown for green matter and harvested 100 days after sowing. After harvest, the yield of aerial parts and roots (after washing off the soil residue and drying) was determined. Samples were dried at 65 o C, ground and wet digested according to the EPA Method 3052 (Microwave Assisted Acid Digestion of Siliceous and Originally Based Matrices) (EPA 1996) , using microwave heating with an appropriate microwave system (MARS-5, CEM Corporation USA). Concentration of Cu was determined by flame atomic absorption spectroscopy (FLAAS) (VARIAN SpectrAA FS240, Varian Inc. Australia). The content of copper was calculated per absolutely dry matter, determined at 105 o C. The biological transfer coefficient for copper BTC 1, biological concentration factor BCF 2, and biological accumulation coefficient BAC 3, were determined (TUKURA et al. 2012) . 
RESULTS AND DISCUSSION
The tested soil contamination with copper caused a significant, linear decrease in the mass of roots and aerial matter yield produced by maize, except the rate of 200 mg Cu kg 1 of soil, which stimulated the roots yield, raising it by 13.80 g DM pot 1 relative to the control and by 28.8 g versus the manure-amended pots (Table 2 ). No such effect was observed in respect of the aerial mass yield in the control treatment without soil amending substances. Out of the tested amendments, lime and manure are noteworthy as they raised the yield of root dry matter from pots contaminated with 200 mg Cu kg 1 of soil by 16.50 and 15.63 g DM pot 1 . In this experiment, copper contamination was observed to have inhibited the growth of maize roots, which became thicker and shorter. A similar response of plants to Cu contamination of soil has been described by ROSSI et al. (2004) , SZULC, KOBIERSKI (2010) and SINGH et al. (2007) . Crops can be improved when soil is amended with substances which can arrest copper. Such substances include composts made from plant waste, coir and tree bark or, less often used, bone meal and peat (NWACHUKWU, PULFORD 2008) . However, organic soil amendments do not always produce same effects on chosen heavy metals. In a study completed by CIEAEKO et al. (2001) , application of charcoal or compost with lime or in a series without liming did not improve yields of triticale.
Manure introduced to soil may have a stimulating effect on mobility of metals, possibly because it contains nitric compounds, which are often physiologically acidic (SIENKIEWICZ et al. 2009 ). The concentration of copper in maize plants was varied and depended on the analyzed part of the plant and the degree of soil contamination with copper ( 
The concentration of Cu in roots was the highest in maize plants grown on soil amended with peat: 2201.49 mg Cu kg 1 DM on average and the maximum concentration of 6080.00 mg Cu kg 1 DM. on soil polluted with 600 mg Cu kg 1 . Significant reduction in the concentration of Cu in aerial parts of maize was achieved through enrichment of soil with lime as well as manure or pine bark, where it decreased by 168.67, 196.28 and 195 .03 mg Cu kg 1 DM., respectively. In contrast, the application of peat caused an increase in the content of Cu in aerial parts of maize by 192.6 mg Cu kg 1 DM. versus the control. ROSSI et al. (2004) also demonstrated that the roots of Brassicanapus accumulated several-fold more copper than the aerial organs, which is in accord with the present results. 
The coefficients of biological transfer (BTC), biological accumulation (BAC) and biological concentration factor (BCF) determined for copper in maize plants depended on the applied neutralizing substances (Table 4) . 
Maize was characterized by a relatively low BTC, which means that quite a large portion of absorbed copper stayed in roots. As a rule, plants with BTC >1.0 are said to be hyperaccumulators and can be used for phytoextraction and phytostabilization (TUKURA et al. 2012) . Lower BTC values than in other series were found in the treatment with zeolite, where the mean BTC was 0.09. This means that peat had a significant effect on arresting metals in roots. A high BTC value was determined for the series without any neutralizers (0.29), and the applied organic soil amendments did not affect the transfer of copper from roots to the upper parts of maize plants. The BCF >1.0 confirms extensive binding of metals, which is a desirable characteristic of plants used for phytoremediation of polluted soils. High BCF informs about the presence of detoxication mechanisms, which lead to sequestration of ions of trace metals, and this in turn prevents translocation of harmful metals of aerial parts of plants (GHOSH, SINGH 2005) . The tested maize was characterized by a relatively high BCF, which suggests a considerably high uptake of copper and its arrest in roots. Out of the mineral soil amendments, lime caused a decrease in the concentration of Cu in maize (BCF=2.33); organic substances produced diverse effects. Pine bark depressed the biological concentration factor down to 1.67, while peat induced a very high increase in its value to 5.54 on average, with the highest values of 7.37 and 10.64 in treatments polluted with 400 i 600 mg Cu kg 1 of soil, respectively.
A relatively low BAC indicated high efficiency of lime and pine bark added to soil (0.42 and 0.33, respectively). These neutralizing substances inhibited the transfer of copper from soil to stems and leaves of maize. The highest accumulation coefficient was determined for maize grown on soil with peat (1.41) and without any neutralizers (1.14). The uptake of copper by maize plants (Figures 1, 2) to a large extent depended on the degree of soil contamination with this metal. The highest uptake occurred in the treatments polluted with 200 mg Cu kg 1 of soil. In maize grown on soil with higher rates of copper, despite an increase in copper concentration in plant tissues, a significant decrease in the uptake of the metal was observed as a result of the strong depression of maize yield due to the toxicity of copper. Lime, zeolite and bark distinctly depressed the uptake of copper by maize roots compared to the treatments without soil amending substances and with added loam, manure and peat.
In respect of the aerial parts of maize, lime and zeolite as well as peat and pine bark limited the uptake of copper. The amounts of copper removed with harvested parts of maize depended above all on the properties of soil neutralizing substances. Lime was most effective as it enhanced yields, generated a low biological concentration factor and resulted in the lowest uptake of copper. As reported by SIENKIEWICZ et al. (2009) , application of organic substances to soil may be followed by an increase in the uptake of copper, an effect induced by nitric compounds found in such substances which acidify the soil and increase the solubility of metals, thus facilitating their translocation into plants, the event that was also demonstrated in this study. 
CONCLUSIONS
1. Soil contamination with copper had a significant effect on maize yields. The rate of 200 mg Cu kg 1 of soil stimulated the growth of maize roots, while the doses of 400 and 600 mg Cu kg 1 led to reduced root yields. Soil contamination with copper had a significantly negative effect on yields of aerial parts of maize at all the tested rates of contamination.
2. Copper contamination significantly raised the concentration of Cu in plants. In roots, it was on average over 6-fold higher than in aerial organs, which indicates that there are certain mechanisms involved limiting the uptake of toxic amounts of copper by maize.
3. Mineral contamination neutralizing substances depressed the biological transfer coefficient (BTC) for Cu in maize compared to plants grown on soil with organic soil amendments. The biological concentration factor (BCF) fell down to 2.33 and 1.67 in response to application of lime and, exceptionally, pine bark compared to 4.21 in the control. The BAC in the same treatments decreased down to 0.42 and 0.33 versus 1.14 found in the control treatment, without any neutralizers. The substances introduced to soil evidently inhibited the translocation of copper from soil to maize stems and leaves.
4. The uptake of copper by maize depended primarily on the volume of yields and, to a lesser degree, on the concentration of Cu in maize plants. Plants growing on the treatments polluted with 200 mg Cu kg 1 absorbed on average more copper than the ones from pots with soil polluted with 400 and 600 mg Cu kg 1 , despite a very high concentration of Cu in plant tissues in the latter case.
5. The smallest average unit uptake of copper by maize, expressed in mg Cu per kg of soil, was demonstrated by plants grown on soil enriched with lime and pine bark, which confirms the claim that these soil amendments belong to substances that most strongly inhibit the uptake of heavy metals by plants.
